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Avant-propos
Plusieurs parties de cette thèse ont été soumises dans divers journaux ou sont en cours 
de corrections par les différents co-auteurs avant soumission. Nous avons décidé de ne pas 
intégrer tels quels ces divers papiers, d’une part, dans un soucis d’éviter des répétitions pour les 
lecteurs du manuscrit et d’autre part, car les revues de ces papiers ne nous sont pas encore toutes 
revenues. Les parties de ce manuscrit soumises sont les suivantes:
1- Modeling of in situ crystallization processes in the Permian mafic layered intrusion of 
Mont Collon (Dent Blanche nappe, western Alps)
Philippe Monjoie, François Bussy, Henriette Lapierre et Hans-Rudolf Pfeifer
Soumise dans le volume spécial de Lithos: «Modeling of magma chambers». Acceptée 
avec révisions modérées. Ce papier intègre principalement les descriptions pétrographiques des 
cumulats, la modélisation de la cristallisation in-situ et du liquide parental.
2- Precise U/Pb and 40Ar/39Ar dating of the layered Permian Mafic Complex of the Mont 
Collon (Western Alps, Wallis, Switzerland)
Philippe Monjoie., François Bussy, Urs Schaltegger, Henriette Lapierre, Hans-Rudolf 
Pfeifer et Andreas Mulch
Soumis dans Schweizerische Mineralogische und Petrographische Mitteilungen. Ce 
papier inclut les âges U/Pb du gabbro pegmatitique et de la pegmatite quartzique et 40Ar/39Ar 
des filons dioritiques Fe-Ti.
3- Isotopic constraints on the mantle composition and geodynamic implications: insights 
from the Permian Mont Collon mafic complex (Austroalpine Dent Blanche nappe, Western 
Alps): titre non-définitif
Philippe Monjoie, François Bussy, Henriette Lapierre et Hans-Rudolf Pfeifer
En cours de corrections par les différents auteurs. Soumission prévue dans Chemical 
Geology. Ce papier comprend les descriptions pétrographiques des filons leucocrates et des 
filons mélanocrates Fe-Ti, les donnés isotopiques de tous les types de roches du complexe 
mafique du Mont Collon ainsi que les interprétations géodynamiques.
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Résumé
Résumé
Le complexe du Mont Collon (nappe de la Dent Blanche, Austroalpin) est l’un des 
exemples les mieux préservés du magmatisme mafique permien des Alpes occidentales. Il est 
composé d’affleurements discontinus et d’une stratification magmatique en son centre (Dents 
de Bertol) et est composé à 95% de roches mafiques cumulatives (gabbros à olivine et/ou cpx, 
anorthositiques, troctolites, wehrlites et wehrlites à plagioclase) et localement de quelques 
gabbros pegmatitiques. Ces faciès sont recoupés par de nombreux filons acides (aplites, 
pegmatites quartziques, microgranodiorites et filons anorthositiques) et mafiques tardifs (dikes 
mélanocrates riches en Fe et Ti).
Les calculs thermométriques (équilibre olivine-augite) montrent des températures de 
1070-1120 ± 6°C, tandis que le thermomètre amphibole-plagioclase indique une température 
de 740 ± 40°C à 0.5 GPa pour les amphiboles magmatiques tardives. La geobarométrie sur 
pyroxène donne des pressions moyennes de 0.3-0.6 GPa, indiquant un emplacement dans la 
croûte moyenne. De plus, les températures obtenues sur des amphiboles coronitiques indiquent 
des températures de l’ordre de 700 ± 40°C confirmant que les réactions coronitiques apparaissent 
dans des conditions subsolidus.
Les âges concordants U/Pb sur zircons de 284.2 ± 0.6 et 282.9 ± 0.6 Ma obtenus sur 
un gabbro pegmatitique et une pegmatitique quartzique, sont interprétés comme des âges de 
cristallisation. Les datations 40Ar/39Ar sur amphiboles des filons mélanocrates donnent un âge 
plateau de 260.2 ± 0.7 Ma, qui est probablement très proche de l’âge de cristallisation. Ainsi, 
cet age 40Ar/39Ar indique un second évènement magmatique au sein du complexe.
Les compositions des roches totales en éléments majeurs et traces montrent peu de 
variations, ainsi que le Mg# (75-80). Les éléments traces enregistrent le caractère cumulatif des 
roches (anomalie positive en Eu) et révèlent des anomalies négatives systématiques en Nb, Ta, 
Zr, Hf et Ti dans les faciès basiques. Le manque de corrélation entre éléments majeurs et traces 
est caractéristique d’un processus de cristallisation in situ impliquant une quantité variable de 
liquide interstitiel (L) entre les phases cumulus. Les distributions des éléments traces dans les 
minéraux sont homogènes, indiquant une rééquilibration subsolidus entre cristaux et liquide 
interstitiel. Un modèle quantitatif basé sur les équations de cristallisation in situ de Langmuir 
reproduisent correctement les concentrations en terres rares légères des minéraux cumulatifs 
montrant la présence de 0 à 35% de liquide interstitiel L pour des degrés de différenciation F 
de 0 à 45%, par rapport au faciès les moins évolués du complexe. En outre, les valeurs de L 
sont bien corrélées avec les proportions modales d’amphibole interstitielle et les concentrations 
en éléments incompatibles des roches (Zr, Nb). Le liquide parental calculé des cumulats du 
Mont Collon est caractérisé par un enrichissement relatif en terres rares légères et Th, un 
appauvrissement en terres rares lourdes typique d’une affinité transitionnelle (T-MORB) et une 
forte anomalie négative en Nb-Ta.
Les roches cumulatives montrent des compositions isotopiques en Nd-Sr proches de la 
terre globale silicatée (BSE), soit –0.6<εNd
i
<+3.2, 0.7045<87Sr/86Sr
i
<0.7056. Les rapports 
initiaux en Pb indiquent une source dans le manteau enrichi subcontinental lithosphérique, 
préalablement contaminé par des sédiments océaniques. Les dikes mélanocrates Fe-Ti sont 
représentatifs de liquides et ont des spectres de terres rares enrichis, une anomalie positive 
en Nb-Ta et des εNd
i
 de +7, des 87Sr/86Sr
i
 de 0.703 et des rapports initiaux en Pb, similaires 
à ceux des basaltes d’île océanique, indiquant une source asthénosphérique modérément 
appauvrie. Ainsi, la fusion partielle du manteau lithosphérique subcontinental est induite par 
l’amincissement post-orogénique et la remontée de l’asthénosphère. Les filons mélanocrates 
proviennent, après délamination du manteau lithosphérique, de la fusion de l’asthénosphère.
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Abstract
Abstract
The early Permian Mont Collon mafic complex (Dent Blanche nappe, Austroalpine nappe 
system) is one of the best preserved examples of the Permian mafic magmatism in the Western 
Alps. It is composed of discontinuous exposures and a well-preserved magmatic layering (the 
Dents de Bertol cliff) crops out in the center part of the complex. It mainly consists of cumulative 
mafic rocks, which represent 95 vol-% of the mafic complex (ol- and cpx-bearing gabbros and 
rare anorthositic layers, troctolites, wehrlites and plagioclase-wehrlites) and locally pegmatitic 
gabbros. All these facies are crosscut by widespread acidic (aplites, quartz-rich pegmatites, 
microgranodiorites) and late mafic Fe-Ti melanocratic dikes.
Olivine-augite thermometric calculations yield a range of 1070-1120 ± 6°C, while 
amphibole-plagioclase thermometer yields a temperature of 740 ± 40°C at 0.5 GPa. Pyroxene 
geobarometry points to a pressure of 0.3-0.6 GPa, indicating a middle crustal level of 
emplacement. Moreover, temperature calculations on the Mont Collon coronitic amphiboles 
indicate temperatures of 700 ± 40°C, close to those calculated for magmatic amphiboles. These 
temperatures confirm that coronitic reactions occurred at subsolidus conditions.
ID-TIMS U/Pb zircon ages of 284.2 ± 0.6 and 282.9 ± 0.6 Ma obtained on a pegmatitic 
gabbro and a quartz-pegmatitic dike, respectively, were interpreted as the crystallization ages 
of these rocks. 40Ar/39Ar dating on amphiboles from Fe-Ti melanocratic dikes yields a plateau 
age of 260.2 ± 0.7 Ma, which is probably very close to the crystallization age. Consequently, 
this 40Ar/39Ar age indicates a second magmatic event.
Whole-rock major- and trace-element compositions show little variation across the whole 
intrusion and Mg-number stays within a narrow range (75-80). Trace-element concentrations 
record the cumulative nature of the rocks (e.g. positive Eu anomaly) and reveal systematic 
Nb, Ta, Zr, Hf and Ti negative anomalies for all basic facies. The lack of correlation between 
major and trace elements is characteristic of an in situ crystallization process involving variable 
amounts of interstitial liquid (L) trapped between the cumulus mineral phases. LA-ICPMS 
measurements show that trace-element distributions in minerals are homogeneous, pointing 
to subsolidus re-equilibration between crystals and interstitial melts. A quantitative modeling 
based on Langmuir’s in situ crystallization equation successfully reproduced the Rare Earth 
Element (REE) concentrations in cumulitic minerals. The calculated amounts of interstitial 
liquid L vary between 0 and 35% for degrees of differentiation F of 0 to 45%, relative to the 
least evolved facies of the intrusion. Furthermore, L values are well correlated with the modal 
proportions of interstitial amphibole and whole-rock incompatible trace-element concentrations 
(e.g. Zr, Nb) of the tested samples. The calculated parental melt of the Mont Collon cumulates 
is characterized by a relative enrichment in Light REE and Th, a depletion in Heavy REE, 
typical of a transitional affinity (T-MORB), and strong negative Nb-Ta anomaly.
Cumulative rocks display Nd-Sr isotopic compositions close to the BSE (–0.6 < εNd
i
 
< +3.2, 0.7045 < 87Sr/86Sr
i
 < 0.7056). Initial Pb ratios point to an origin from the melting of 
an enriched subcontinental lithospheric mantle source, previously contaminated at the source 
by oceanic sediments. The contrasted alkaline Fe-Ti melanocratic dikes are representative of 
liquids. They display enriched fractionated REE patterns, a positive Nb-Ta anomaly and εNd
i
 
of +7, 87Sr/86Sr
i
 of 0.703 and initial Pb ratios, all reminiscent of Ocean Island Basalt-type rocks, 
pointing to a moderately depleted asthenospheric source. Thus, partial melting of an enriched 
lithospheric mantle is triggered by post-orogenic thinning and up-welling of hot asthenospheric 
mantle. The Fe-Ti melanocratic dikes originated, after the complete delamination of the 
lithospheric mantle, from the melting of the asthenospheric mantle.
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Chapter 1: General overview
1.1. Introduction
The Pangea break-up during Jurassic times is synchronous with the opening of the Central 
Atlantic domain that led to the formation of the Tethyan Ocean. During the Mesozoic times, the 
Tethys Ocean covered a wide area (from the western Mediterranean to the eastern Himalaya) 
between African and Eurasian plates. The subduction of the Tethyan oceanic lithosphere 
beneath the African margin started some 110 Ma ago (e.g. Pfiffner, 1993), resulting from the 
beginning of the convergence between the Apulian (or Adriatic) and European plates. The 
Alpine chain resulted from the subsequent collision of the western parts of the European plate 
with the (African) Apulian microplate during the Mesozoic and Tertiary times (Coward et al., 
1989). The convergence at Cretaceous times induced mostly (north) west-directed thrusting in 
the Eastern and Western Alps (de Graciansky, 1993), while the direction of the later Tertiary 
compressional phase is north-south.
Pre-Mesozoic basement units are widespread in central Europe (Fig. 1 and 2) and 
numerous exposures compose the framework of the Alps, actually scattered as a complex 
system among the Alpine structures. These pre-Mesozoic units are found in all the basement 
nappes of the Helvetic, Penninic and Austroalpine realms, as well as in the Southern Alps. In 
the Helvetic zone, the Variscan basement units are represented by the External Crystalline 
Massifs, the exposures of which form three main units, i.e., northern, middle and southern units, 
(i) the northern unit consists of the Mont Blanc and Aiguilles Rouges massifs, Aar-Gotthard 
massif, and Belledonne-Grandes Rousses located on an old Variscan lineament NE-SW aligned 
(de Graciansky, 1993), (ii) the middle unit is constituted principally by the NW-SE Pelvoux and 
Argentera-Mercantour massifs, (iii) the southern unit is represented by the Tanneron-Esterel-
Maures massifs. In the Penninic Zone, the Variscan basement is represented by the Internal 
Crystalline Massifs. The latter include the Monte Rosa, Grand Paradis and Dora Maira massifs. 
The Austroalpine nappe system comprises large thrust sheets involving huge masses of the 
Variscan crystalline basement, i.e. granitoids from the Err-Bernina nappe (Spillman and Büchi, 
1993 and ref. therein), the Valpelline and Arolla Series of the Austroalpine Dent Blanche 
nappe and the Sesia-Lanzo zone (e.g. Martinotti and Hunziker, 1984). Here we refer only to the 
western area of the Southern Alps, where the Palaeozoic granulite- to high-T amphibolite-facies 
metamorphics of the Ivrea-Verbano zone are tectonically juxtaposed with the amphibolite-
facies Serie de Laghi (Boriani and Villa, 1997).
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Fig. 2: Main tectonic units and Variscan crystalline massifs in the Alps. DB: Dent Blanche nap-
pe, MR: Monte Rosa, MB-AR: Mont Blanc and Aiguilles Rouges massifs, Bld: Belledonne.
The above cited pre-Mesozoic basement units comprise large basic and/or acidic plutons 
and volcanic rocks related to numerous magmatic events of Variscan age. These magmatic 
events are the markers of the polyphased tectonic evolution of the long lasting build-up of the 
Variscan belt, each one associated with specific tectonic settings, i.e. pre-collisional, collisional 
and post-collisional tectonic events. Consequently, the study of the magmatic affinities of these 
igneous suites and the characterization of their mantle and/on continental sources enables to 
precise the geodynamic settings based on tectonic and paleomagnetism data, faunic correlations 
and palinspastic reconstructions. In addition, accurate age determinations are fundamental to 
replace the magmatic activity in its geodynamic context.
4Chapter 1 
This Ph.D. thesis is focused on the Mont Collon-Dents de Bertol mafic complex (named 
as Mont Collon in the following sections), located in the Austroalpine Dent Blanche nappe 
(Western Alps, Switzerland). Few studies have been done on the Mont Collon mafic complex 
although it is probably one of the best preserved mafic complex of the Hercynian basement 
of the Alps. Indeed, this massif is affected only by a weak Alpine greenschist metamorphic 
overprint. Dal Piaz et al. (1977) dated the Mont Collon at ca. 250 Ma. This age was interpreted 
as the cooling age of the complex and relates the emplacement of the Mont Collon-Dents de 
Bertol mafic complex to a major phase of the tectonic evolution of Variscan belt, i.e. the post- 
collisional event, related to the collapse of the chain. Consequently, the Mont Collon complex 
must be more accurately dated. Furthermore, because of the well exposed cumulate rocks and 
their preserved magmatic layering at the Dents de Bertol area, the petrological and geochemical 
characterization of the complex will help to: (i) determine the differentiation process(es) that 
lead to the crystallization of the rock facies, (ii) characterize the affinities of the basic magmas 
related to the post-collisional event of the Variscan belt, (iii) precise the physical-chemical 
conditions of emplacement of the plutonic rocks, (iv) determine the type of mantle sources and 
possible involvement of the continental crust in the genesis of this complex.
1.2. The Variscan belt build-up
The Variscan belt was formed principally between the Devonian and the Carboniferous 
and is not a typical continent – continent collisional range. It was formed by successive 
accretions of several micro-continents detached from the Gondwana active margin (Stampfli 
and Borel, 2002). Different authors (e.g. von Raumer and Neubauer, 1993) proposed to 
subdivide the build-up of this belt in different periods: (i) the pre-collisional period (500 – 460 
Ma), (ii) a major collisional event close to 380 Ma and (iii) a late to post -collisional stage, 
which started around 350 Ma and hold on roughly 30 Ma (von Raumer and Neubauer, 1993). 
At the late Carboniferous-early Permian, the Variscan chain collapsed, as the consequence of 
the slab roll-back of the Palaeo-Tethys (Stampfli and Borel, 2002).
The pre-collisional times were marked by the consecutive opening of the Rheic oceanic 
domain accompanied by the Palaeo-Tethys opening. Cambrian oceanic plagiogranites date the 
opening of the Rheic Ocean (von Raumer et al. 2003). At 440 Ma, the Avalonia continental 
fragment and associated satellites are already amalgamated to Laurussia in a short-lived 
orogenic pulse (von Raumer, 1998, Belka et al., 2002). The opening of the Palaeo-Tethys is 
interpreted as back-arc spreading related to the Gondwana-directed subduction of Rheic/Proto-
Tethys. The northern active margin of the Gondwana was dismembered during the Silurian, 
generating the formation of several micro-continents and ribbon-like terranes (European Hunic 
terranes).
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Fig. 3: Geodynamic reconstruction at the Late Permian (~280 Ma, Sakmarian). After Stampfli 
and Borel (2002).
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The collision of the Gondwana-derived micro-continents with Laurasia took place 
from Late Devonian to Early Carboniferous time (~340 Ma) with the final closure of the 
Rhenohercynian domain (Stampfli and Borel, 2002), which ended up to ca. 320 Ma (von Raumer 
et al., 2003). The Palaeo-Tethys was still opened (Fig. 3) and at the time of emplacement of 
the Mont Collon mafic complex, the Variscan chain was supposed to collapse generating the 
development of pull-apart basins. 
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1.3. Magmatism related to the post-collisional stages of the Variscan belt
1.3.1. The External Crystalline Massifs of the Helvetic zone
The magmatism in the External Massifs units displays intermediate to acidic compositions. 
Parts of the Aar-Gotthard, Argentera, Belledonne and Aiguilles Rouges massifs are emplaced 
during the post-collisional stages of the Variscan belt.
The Aar massif displays different igneous suites (see a review in Schaltegger, 1994), i.e. 
(1) shoshonitic-ultrapotassic suites (diorites, monzonites, syenites and granites associated with 
high-K basic rocks) dated at 334 ± 2.5 Ma, (2) subordinate high-K calc-alkaline suites dated 
around 310 Ma (Schaltegger and Corfu, 1992), and (3) calc-alkaline to subalkaline granitic 
suites comprising granodiorite, granites and leucogranites of the Central Aar dated at 297 ± 
2 Ma (Schaltegger and Corfu, 1992). Recently, new U/Pb dating on migmatites from the Aar 
massif yielded 290-300 Ma ages (Olsen et al., 2000). Granites in the Gotthard massif are coeval 
with those of the Aar massif and U/Pb concordant ages indicate (around 295-300 Ma, Sergeev 
and Steiger, 1993) that the Gotthard granites postdates also the Variscan collision.
In the External Crystalline Massifs, Debon and Lemmet (1999) distinguished two plutonic 
suites, one early, Visean and highly magnesian (~ 330-340 Ma), the other, Stephanian (~295-
305 Ma) and more ferriferous. The Mg/Fe ratio variations are mainly related to the physical-
chemical conditions of melting (P-T, fO
2
) and the Late Variscan geodynamic setting. In the 
Argentera massif (332 Ma, Rubatto et al., 2001), plutonic granitic suites exhibits subalkaline 
magmatic affinity and magnesian character as well as in the Belledonne massif, the 340 Ma-
old Saint Colomban, Sept Laux and La Lauzière granites show also an Al-enriched subalkaline 
affinities and magnesian character.
In the Aiguilles Rouges massif, subalkaline and magnesian quartz syenites, rich in mafic 
minerals, occurring in the Pormenaz monzonites, were dated at 332 ± 2 Ma by U/Pb on zircon 
(Bussy et al., 1998) whereas the Vallorcine granite is a peraluminous and magnesian-ferriferous 
and was dated by U/Pb on zircon and monazite at 307 ± 2 Ma (Bussy and Hernandez, 1997). 
They interpreted this Westphalian age as reflecting magmatic underplating beneath the crust.
The 304 Ma-old Mont Blanc granite displays an evolved metaluminous to slightly 
peraluminous K-rich magmatic affinity, with both alkaline and calc-alkaline characteristics 
(Bussy, 1990; Bussy and von Raumer, 1993). The emplacement of the Mont Blanc within the 
upper crust (10-15 km) occurred during transtensional strike-slip shearing context. By this way, 
the melting of a composite source was induced by a pressure release of a thickened thermally 
re-equilibrated lithosphere.
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1.3.2. The Penninic domain: the Internal Crystalline Massifs
In this section, we focus on the geology of the Gran Paradiso and Monte Rosa massifs, 
which crop out in the northwestern Alps. Nevertheless, other igneous rocks are present in the 
Penninic zone, e.g. the Dora Maira massif and, the late Variscan granitoids of the Tauern 
window (Eastern Alps). Disregarding the pre-Alpine metamorphic overprint, the Monte Rosa 
and the Gran Paradiso massif protoliths are porphyritic granitoids (Dal Piaz, 2001). Engi et al. 
(2001) interpreted the 330 Ma-old monazites as the emplacement age of the main Monte Rosa 
granodiorite pluton and the 260 Ma dating obtained from monazites extracted from high-grade 
metapelites as the supposed response to the intrusion of minor granitic bodies.
1.3.3. The Southern Alps: the Ivrea-Verbano zone
Pin (1986) dated gabbroic and dioritic rocks, exposed in the Val Sesia and Val Mastallone, 
from the Main gabbro-diorite body (upper part of the Mafic Complex, Ivrea-Verbano zone). 
U/Pb zircon yields an age of 285 + 7 / -5 Ma, interpreted as the emplacement age of this mafic 
complex and the granulitic metamorphism exposed in the Val Strona area (north to the Val 
Sesia).
The early Permian age of the granulite metamorphism related to the underplating of the 
Mafic Complex in the Ivrea-Verbano zone has been confirmed by 40Ar/39Ar amphibole dating 
(Boriani and Villa, 1997). Ultramafic pipes intrude the Main Gabbro of the Mafic Complex and 
the roof metasediments of the Ivrea zone and have also an early Permian (287 ± 3 Ma) age. 
These ultramafic rocks are thought to represent the latest mantle-derived melts associated with 
the underplating event that has affected the Ivrea-Verbano zone during the transition from late 
Carboniferous to early Permian (Garuti et al., 2001).
1.3.4. The Austroalpine nappe system
The Austroalpine basement and the Helvetic realm are thought to represent Devonian 
passive and compressive margins, respectively, which accreted together during the 
Carboniferous. The magmatic rocks exposed in the Eastern domain of the Austroalpine zone 
of the Central Alps were more studied than those belonging to the several klippes of the 
Austroalpine nappes, e.g. the Dent Blanche nappe. Several basic intrusions have been dated 
close to the Carboniferous-Permian boundary as the Sondalo gabbroic complex: 290 Ma 
(Tribuzio et al., 1999), the Braccia gabbro and associated leucocratic anatexites: 281 ± 19 and 
278.4 ± 2.6 Ma, respectively (Hansmann et al., 1996 and 2001, Müntener et al., 2000). The 
orthogneisses of the Arolla series, the surrounding rocks of the Mont Collon basic complex, 
were dated by Bussy et al. (1998) at 289 ± 2 Ma.
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The magmatic affinity of the small granitoid bodies from the Sesia zone is interpreted as 
calc-alkaline, ranging in composition from granodiorite to quartz-monzodiorite. Zircon U/Pb 
dating indicates an age of the magmatic activity close to the Carboniferous-Permian boundary 
(293 ± 3 Ma, Bussy et al., 1998).
1.3.5. Chemical characteristics of the late Variscan magmatic events
Three distinct magmatic events characterized the end of the Variscan orogeny: early 
Carboniferous, late Carboniferous-early Permian, and late Permian. From the post-collisional 
stages to the late history of the Variscan belt (i.e. the collapse period), the magmatism ascribed 
to this long period, which lasted around 70 Ma, displays various geochemical characteristics. 
Each Variscan belt tectonic phase is related to specific magmatic events, which exhibit tholeiitic, 
(K-rich) calc-alkaline or subalkaline affinities.
In the early Carboniferous, acidic intrusions were emplaced along strike-slip fault zones 
in the basement areas of the Alpine realm (Bonin et al., 1993; von Raumer et al., 1993; Debon 
et al., 1994; Bussy et al., 2000). High-K calc-alkaline suites emplaced during the lower and 
middle Carboniferous are related with the post-collisional stage of the Variscan belt, which is 
characterized by uplift and erosion in a short-lived transtensional and/or transpressional regime. 
These calc-alkaline rocks are characterized by Nb and Ta negative anomalies which are not 
interpreted to be related to the contemporaneous subduction of an oceanic lithosphere.
The late Carboniferous and early Permian acidic intrusives and volcanics exhibit alkali-
calcic affinities and like the previous calc-alkaline suites, Nb-Ta negative anomalies. These 
volcano-plutonic suites are thought to be emplaced in a major distensional regime, i.e. during 
the collapse of the Variscan belt.
Finally, the middle to late Permian-early Triassic period is characterized by the 
emplacement of anorogenic alkaline melts, characterized by the absence of Nb and Ta negative 
anomalies. These alkaline rocks are associated with the intra-continental extensional processes 
and crustal thinning, occurring at the end of the collapse of the Variscan range . 
Therefore, from the post-collisional stages of the Variscan belt to the complete collapse 
of the chain, the mafic, as well as the acidic volcanic and plutonic rocks (lavas, small and large 
magmatic intrusions, lamprophyric dikes), share similar geochemical and isotopic characteristics, 
despite their different ages (lower, middle and late Carboniferous and early Permian), locations 
in the Variscan belt (European Alpine belt, Pyrenees Range, Corsica), and magmatic affinities 
(tholeiitic, calc-alkaline, subalkaline and shoshonitic). Thus, negative or near BSE εNd
i
 values 
and Nb-Ta negative anomalies are widespread in the Variscan post-collisional magmatism. 
These isotopic and trace-element features have been interpreted in different ways, i.e. as the 
effect of a crustal contamination and/or related to a subduction context. Nevertheless, another 
hypothesis can be proposed to explain the systematic Nb-Ta negative anomaly and the εNd
i
 
values of all these magmas, such as the involvement of the subcontinental lithospheric mantle, 
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previously metasomatized by subduction-related fluids and/or contaminated by recycling of 
oceanic sediments.
Conversely, subsequent magmatism (mid- to late Permian) associated with the end of the 
extensional episode of the Variscan belt displays very different geochemical characteristics, i.e. 
positive Nb-Ta anomalies and positive εNd
i
.
Thus, the petrological and geochemical (incompatible trace elements and Nd, Sr and 
Pb isotopes) studies of the Mont Collon mafic complex, which does not display typical calc-
alkaline but rather (transitional) subalkaline characteristics, will bring new insights on the 
interpretation of the post-collisional magmatism related to the distensive episode that led to the 
collapse of the Variscan belt.
1.4. Previous studies on the Mont Collon mafic complex
Dal Piaz et al. (1977) associated the Mont Collon-Dents de Bertol mafic complex with the 
famous Matterhorn massif. They developed a mineralogical and petrographic study completed 
by some geochemical data. They also dated the massif as late Permian (ca 250 Ma), using Rb/Sr 
and K/Ar methods (on biotite) and interpreted this date as the cooling age of the Mont Collon 
complex. Moreover, the Mont Collon intrusion is cited several times in the literature as an 
example of a basic magmatism associated with the late tectonic extensional events concluding 
the history of the Variscan Range.
1.5. Geographical setting of the Mont Collon mafic complex
The Mont Collon mafic complex is located near the village of Arolla (Fig. 4), in the 
Southern Val d’Hérens (Wallis, Switzerland). It covers an area of approximately 14 km2 and 
was labeled after the highest summit of the area, i.e. the Mont Collon. This mafic complex is 
composed of several discontinuous outcrops separated by glaciers and associated moraines (see 
Chapter 2). The principal exposure is the Dents de Bertol area, located in the central part of the 
intrusion, which exhibits a well-preserved magmatic layering.
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Fig. 4: Location of the Mont Collon mafic complex (dotted line) on a topographic elevation 
model (3D Atlas of Switzerland).
1.6. Aims and tools
1.6.1 Aims
The first aim of this work was to recognize, during the field work, the various rock types, 
their relationships in the complex and to obtain accurate ages of the main lithologies recognized 
in the Mont Collon complex, considering that the previously published data did not constrain 
the crystallization time. Moreover, the ages of the dikes intruding the plutonic rocks (i.e. the 
leucocratic and Fe-Ti melanocratic dikes) were still unknown, at that time this study started.
We have also to determine mineral and whole-rock chemistries of the magmatic suites 
(cumulates and dikes) in the Mont Collon mafic complex, in order to characterize the igneous 
processes which led to their genesis as well as the parental melt composition of the cumulates.
Mineral compositions will also allow to estimate the crystallisation depth of the Mont 
Collon complex.
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Radiogenic isotopes (Nd-Sr, Pb and Re-Os and Hf) will help to (i) characterize the nature 
of the sources of the cumulates and dikes (crustal, lithospheric or asthenospheric), (ii) its 
possible evolution with time, and (iii) determine the potential involvement of the continental 
crust (contamination versus assimilation).
Finally, all the data obtained from this work (i.e. ages, geochemical and isotopic 
characteristics) will allow to replace the Mont Collon complex in its geodynamic context.
1.6.2 Tools
Rocks used for dating were a pegmatitic gabbro and a Qz-rich pegmatite for U/Pb on 
zircons and a Fe-Ti melanocratic dike for 40Ar/39Ar on amphibole. Both dating methods have 
been chosen considering the mineralogies of each rock type. U/Pb dating was also coupled with 
Hf isotopes analysis on the dated zircons. Zircon U/Pb dating was done at the ETH Zurich in 
the laboratory of the Prof. Urs Schaltegger while amphibole 40Ar/39Ar dating was done in the 
laboratory managed by Mike Cosca and Andreas Mulch, at the Institute of Mineralogy and 
Geochemistry (IMG, University of Lausanne).
Whole-rock major- and trace-element compositions were determined by X-Ray 
Fluorescence (major and trace elements) at the Centre for Mineral Analysis, directed by Hans-
Rudolf Pfeifer (CAM, University of Lausanne) and ICPMS (trace elements), managed by 
Catherine Chauvel and Francine Keller (University of Grenoble). We refer to the appendix 3 
for the detailed analysis procedures.
The mineral (clinopyroxene, plagioclase and amphibole) major- and trace-element 
chemistry were obtained using in-situ analysis methods: an electron microprobe CAMECA 
SX50 (major elements) and a Perkin-Elmer 6100 DRC Laser Ablation - Inductively Coupled 
Plasma Mass Spectrometer (LA-ICPMS: trace elements) in the laboratory managed by François 
Bussy, at the Institute of Mineralogy and Geochemistry (University of Lausanne). We refer to 
the appendix 4 for the detailed analysis procedures.
Nd and Sr radiogenic isotopes were measured by Pierre Brunet at the Laboratoire 
de Géochimie Isotopique de l’Université Paul Sabatier - Toulouse (France) on a Finnigan 
MAT261 multi-collector mass spectrometer and at the Institut des Sciences de la Terre, de 
l’Environnement et de l’Espace de Montpellier, managed by Delphine Bosch (ISTEEM, 
France), respectively. Pb radiogenic isotopes were analyzed on a VG Plasma 54 Multi-Collector 
- Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS), in the laboratory of Francis 
Albarède at the Ecole Normale Supérieure de Lyon (ENS, France). We refer to the appendix 5 
for the detailed analysis procedures.
Chapter 2: Geological setting and 
petrology of the Mont Collon mafic 
complex
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Chapter 2: Geological setting and petrology of the Mont Collon mafic 
complex
2.1. Introduction
The Mont Collon mafic complex is exposed within the Arolla Series on the external side 
of the Dent Blanche nappe (s.s.), which belongs to the Austroalpine nappe system. It represents 
one of the best preserved Permian mafic complexes of the Western Alps. It consists of a 
plutonic suite, crosscut by leucocratic and mafic dikes (Fig. 7). In this chapter, we will develop 
the geological background, the field relationship of the plutonic suites and intrusive rocks and 
their petrological features.
The Austroalpine nappe system originated from the stretched margin of the Adriatic 
microplate (Pfiffner, 1993) and was emplaced during the early Palaeogene period of the 
Mesoalpine orogeny (Dal Piaz et al., 1972; Hunziker et al., 1989), on the Penninic zone along 
a NW-vergent thrust system underlined by a SE-oriented stretching lineation. The latter was 
created by the underthrusting of the European plate below the Adriatic margin by ductile shear 
of the upper part of the European crust and the lower part of the Adriatic plate (Pfiffner, 1993; 
Steck and Hunziker, 1994). 
The Dent Blanche nappe and the Sesia-Lanzo zone were concurrently scraped off the 
same paleostructural domain (Fig. 5; Dal Piaz, 1999). The Dent Blanche nappe was juxtaposed 
above the Penninic units subsequent to the high-pressure metamorphism in the latter during 
the Eocene-Oligocene (Avigad et al., 1993). The Arolla lower unit of the Dent Blanche nappe, 
containing the Mont Collon mafic complex, escaped the severe eclogitic overprint. According 
to Pfiffner (1993), the klippe-shape of the Dent Blanche nappe within the Penninic zone resulted 
from Tertiary extensive unroofing, uplift and erosion. Moreover, Ramsay (1967) proposed that 
the position of the Dent Blanche nappe resulted from a displacement (greater than 40 km) to the 
southwest along the ductile Simplon shear zone relative to the Verampio gneiss. This distance 
is based on a simple shear model with extension values measured by deformation markers in 
competent conglomerates and granitic gneiss. Steck (1980) proposed a displacement of the 
order of 80 km, postulating that deformation in the Mesozoic calcschists is much stronger.
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Fig. 5: Evolution of the Western Alps (after Dal Piaz, 1999). Stage 1 assumes asymmetric 
rifting, mantle denudation and one (A) or two (B) extensional allochthons within Piedmont-
Ligurian ocean. Stages 2 to 5 show pre-collisional (2-3) to collisional contraction (4-5) from 
mid- Cretaceous onwards. Vertical rules: lithospheric mantle. Spreading ridges are omitted. The 
Dent Blanche nappe is underlined in black.
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2.2. Geological background
In the western Alps, the Austroalpine nappe system (Martinotti and Hunziker, 1984, 
Ballèvre et al., 1986, Venturini et al., 1996, Dal Piaz, 1999) consists of several independent 
klippes belonging to the Dent-Blanche (s.l.) nappes system (on its external north-west side) 
and to the Sesia-Lanzo zone (on its internal southeast side) which are separated from the Ivrea-
Verbano zone by the Insubric line (Fig. 6). The Sesia-Lanzo zone displays a wider distribution 
area than the Dent Blanche nappes system (s.l.) which, nevertheless, shows a noteworthy 
lithological consistency. The Dent-Blanche (s.l.) consists of several independent klippes, which 
systematically overlap the Piedmont nappes stack along a complicated thrust slices system. 
The main thrust sheets consist of the upper eclogitic-free northern unit (the Dent-Blanche (s.s.) 
- Mont Mary - Pillonet klippes) and the lower H-P eclogitic southern unit (the Mont Emilius 
- Glacier Raffray - Tour Ponton units). The east-west-trending Aosta-Ranzola fault system in 
the Aosta Valley separates these two units (Bistacchi et al., 2001).
The basement units of the upper Dent-Blanche nappe (s.s.) comprise the upper Valpelline 
and the lower Arolla Series, which are also exposed in the Mont-Mary, part of the Dent Blanche 
system (s.l.), (Fig. 6). The Valpelline Series consist of silicic to mafic granulites, high-T pelitic 
gneisses with interbedded marbles and tholeiitic amphibolites. The most common mineral 
assemblages of the granulites indicate metamorphic conditions of 8kbar / 750°C (Diehl, 1952). 
The Valpelline depression outlined the development of pull-apart structures during the oblique 
collision of Europe and Adria (Steck and Hunziker, 1994). In the Sesia-Lanzo zone, the second 
Diorite-Kinzigite zone (II DK zone) is coeval with the Valpelline Series. The II DK zone and 
the Valpelline Series display similar metamorphic assemblages and mica cooling ages ranging 
between 240 and 140 Ma (Hunziker, 1974, Hunziker et al. 1992). The lower tectonic unit of 
the Arolla Series is made of pre-granitic relics of high-grade paragneisses and fine-grained 
metabasites intruded by late Paleozoic metagranitoids (ca. 289 Ma, Bussy et al., 1998) affected 
by greenschist facies Alpine re-equilibration. The most common mineral assemblage of the 
Arolla Series orthogneisses consists of quartz, plagioclase, phengite, hornblende with brown 
cores, and minor amounts of chlorite, calcite and epidote (Hunziker, 1974). According to 
Compagnoni et al. (1977) and Martinotti and Hunziker (1984), the Gneiss Minuti complex is 
coeval with the Arolla Series in the Sesia-Lanzo zone. Instead, Ballèvre et al. (1986) assume 
that both the Valpelline and the Arolla Series are coeval with the Gneiss Minuti. The latter 
occurs throughout the external side of the Sesia-Lanzo zone as a continuous distributed sheet 
showing a prevailing greenschist overprint.
Chapter 2
H
el
ve
tic
na
pp
es
Pe
nn
in
ic
na
pp
es
Southern Alps
Insubric
line
Austroalpine
Ju
ra
M
ou
nta
ins
100 km
Gr
an
Pa
rad
iso
M
on
te
Ro
saD
tB
Ivrea zone
Se
sia
-L
an
zo
zo
ne
Pi
ed
m
on
t u
ni
t
VP
Ar
DK
DK
MM
AR
Gm
Gm
Emc
CO
CO
EM
GR
Aar
Mont
Blanc
ZS
He
lve
tic
na
pp
es
Se
dim
en
tar
y c
ov
er
Insubric
line
N
Southern Alps
Lago
Maggiore
External basement units
AR =Aosta-Ranzola fault system
CO = Combin zone
ZS = Zermatt-Saas
Ophiolitic piedmont zone
Mont Collon
mafic complex
Canavese sediments
Brianconnais (s.l.) (Penninic nappes)
Permo-Mesozoic cover (MD = Mont Dolin
and RZ = Roisan zone)
MD
RZ
VP - DK = Valpelline - 2nd Dioritic
Kinzigitic units (lower crust)
Ar = Arolla Series
DK = Dioritic Kinzigitic unit
DtB-MM-P = Dent Blanche
- Mont Mary - Pillonet thrust system
Gm = Gneiss minuti
EM = Mont Emilius
GR = Glacier Raffray
Austroalpine nappes system
Emc = Eclogitic micaschist complex
basal contact of the Combin units
Penninic Front
basal contact of the Austroalpine units
Fig. 6: Tectonic map of the northwestern Alps (after Bigi et al., 1990 and Dial Piaz et al., 1993 
and 1999) showing the main tectonic units, i.e.: the Helvetic nappes, the External Crystalline 
Massifs (Mont Blanc, Aiguilles Rouges and Aar-Gotthard massifs), the klippe of the Dent 
Blanche nappe, the Piedmont units, the Internal Crystalline massifs of the Gran Paradiso and 
the Monte Rosa, the Sesia-Lanzo zone and the southern Alpine unit of Ivrea.
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The Permian to Mesozoic monometamorphic metasedimentary rocks are locally 
preserved in the Dent-Blanche (s.l.) nappes system and constitute the two main units of the 
northern Mont Dolin Series (Weidmann and Zaninetti, 1974, Ayrton et al., 1982) and the 
southern Mont Roisan zone (Elter, 1960). They consist of Triassic siliceous clastics, Middle 
Triassic to Jurassic platform carbonates, syn-rift monogenic breccias and limestones, overlain 
by Cretaceous carbonates to terrigenous flysch-type metasediments (Ballèvre et al., 1986, Dal 
Piaz, 1999 and references therein). They are classically described as the cover sequence of the 
Austroalpine basement but Martinotti and Hunziker (1984) labeled the Mont Dolin Series and 
the Roisan zone with a more careful term of «detached remnants of a possible cover sequence». 
Mylonitic sheets of the orthogneisses of the Arolla Series separate the Mont Dolin-Roisan 
zone from the Valpelline Series. Several bodies of gabbros and related ultramafic cumulates 
have been described in the Dent Blanche nappe (Ballèvre et al., 1986; Dal Piaz, 1999). These 
rocks are affected by an important Alpine overprint (e.g. in the Pillonet klippe) but large well-
preserved mafic complexes occur such as the Matterhorn or the Mont Collon-Dents de Bertol.
2.3. Field relationships
As shown in figure 7 and 10, the exposures are relatively discontinuous because they are 
partly hidden by three major glaciers (the Mont Collon, the Arolla and the Ferpècle glaciers) 
and associated moraines. The Mont Collon mafic complex consists of three major exposures 
and several small scattered outcrops.
The Mont Collon summit represents the main outcrop but it is hardly accessible on its 
southern and western sides. The Dents de Bertol exposures are located in the center of the 
complex (Fig. 7 and 10). A well-preserved magmatic layering is exposed almost continually 
over several hundred meters on its western wall (Fig. 8) while outcrops in the Mont Collon 
(s.s.) northeastern wall do not present asuch a preserved layered sequence. Thus, two groups of 
cumulates have been distinguished on the basis of their location, i.e. the group I encompassing 
the Mont Collon rocks and the group II, the Dents de Bertol layered sequence rocks (Fig. 7 and 
8). The magmatic layering is sub-vertical and is related to a parallel rhythmic alternation of 
variable thickness of mafic rocks (Plate 1, Ph. 6). The rocks exhibit a mineral fabric, underlined 
by clinopyroxene and/or plagioclase, which is almost sub-parallel to the magmatic layering. 
The main facies observed in the layered sequence are olivine-bearing and clinopyroxene-
bearing gabbros.
Rare thinner melanocratic layers (classified as plg-wehrlite according to their plagioclase, 
olivine and clinopyroxene modal contents) are also exposed at the northernmost extremity (near 
the contact with the surrounding rocks) and in the middle part of the layered sequence of the 
Dents de Bertol area. They have not been observed in other parts within the complex.
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Fig. 7: a) Geological map of the Mont Collon area (scale: 1:25 000). Modified after Gouffon 
et al., 2003, map n°1317 Geological Atlas of Switzerland). b) Inset: main tectonic units of the 
Western European Alpine Belt (see also figure 2).
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 Two wehrlitic layers crop out also at the base of Crêtes des Plans (Plate 1, Photo. 1). 
These rocks occur only as sills within the gabbros, with sharp contact and they are not present 
in the preserved layered sequence. At the southernmost extremity of the Dents de Bertol area, a 
single anorthositic layer crops out with a magmatic layering parallel to the main orientation of 
the rhythmic sequence. Finally, the northeasternmost exposures are located on the eastern bank 
of the Glacier de Ferpècle. Patches of pegmatitic gabbros crop out at the base of the eastern wall 
of the Mont Collon or in the Dents de Bertol area.
Numerous centimeter- to decimeter-sized intermediate to acidic dikes are widespread in 
the Mont Collon intrusion (Plate 1, Photo. 2 to 5). The acidic dikes systematically crosscut the 
gabbroic facies and they exhibit various mineralogy. They consist of (i) quartz-rich pegmatites, 
(ii) microgranodiorites (iii) aplites and (iv) anorthositic dikes. The petrological characteristics 
of the dikes will be described in this chapter.
Fine-grained black dikes are exposed only in the Dents de Bertol area. They are never 
found in the surrounding orthogneisses of the Arolla series or in the other parts of the complex. 
They crosscut all the lithologies including the mafic cumulates and the leucocratic dikes with 
sharp contacts. The terminology, mineralogical and compositional characteristics used to name 
these dikes will be discuss in chapter 5. So, we will label these dikes as «Fe-Ti melanocratic 
dikes» as they are named by Dal Piaz et al. (1977).
The contact zone between the complex and its country rock (the orthogneisses of the 
Arolla Series) is several meter-thick (up to 70 m). It is clearly mylonitic and drastically folded 
with both the orthogneisses and the mafic cumulates by Alpine tectonic disturbances (Fig. 
9 and plate 2). At the contact with the undeformed zone of the mafic complex, the gabbros 
(s.l.) display flaser texture (plate 2, zone 3). The contact can be followed along discontinuous 
exposures from the base of the Crêtes des Plans to the northern extremity of the Dents de Bertol 
where the magmatic layering zone is directly in contact with the mylonitic horizon (Fig. 10). 
Consequently, we cannot be sure whether the orthogneisses of the Arolla Series represent or not 
the original country rocks of the mafic complex.
The mafic cumulates of the Mont Collon complex display a weak metamorphic overprint 
of greenschist grade, which decreases from the mylonitic contact to the center of the complex 
(Dents de Bertol), where the magmatic textures and mineralogy are well-preserved. The 
weathering is discontinuous across the complex.
Photo 1: werhlite MP213 (Dents de Bertol area,
swiss coordinates: 605650 / 093600)
Photo 2: anorthositic dike Crêtes des Plans
(swiss coordinates: 605800 / 093420)
Photo 3: aplitic dike (Mont Collon NE wall,
swiss coordinates: 605850 / 092850)
Photo 5: microgranodioritic dike (Crêtes des
Plans, swiss coordinates: 605320 / 093550)
Photo 4: quartz pegmatite (Mont Collon NE
wall, swiss coordinates: 605500 / 092800)
Photo 6: magmatic layering in the Dents de
Bertol area (swiss coordinates: 607100 /
094210)
Plate 1: Microphotographs of field relationships
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zone 1: mylonitic rocks within the contact
between the Mont Collon complex and the
surrounding Arolla orthogneisses
zone 2: cumulates deformed near the
contact with the Arolla orthogneisses
zone 3: flaser gabbro situated at the
outermost zone of the contact, i.e. near the
undeformed cumulates of the complex.
from the Arolla orthogneisses
to the Mont Collon mafic complex
Plate 2: Microphotographs of successive zones within the contact area from the Arolla 
orthogneisses towards the Mont Collon complex
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In the following presentation of each rock type, emphasis is on the chemical variations 
of their minerals. The bulk rock chemistry will be treated in chapter 4 (cumulate rocks) and 
chapter 6 (dikes).
2.4. The mafic cumulates and related rocks
Most rocks of the Mont Collon complex are medium- to coarse-grained cumulates 
displaying variable modal amounts of olivine, clinopyroxene and plagioclase as major mineral 
constituents (see major-element composition of minerals in Tables 1 to 4). Plagioclase-
wehrlites, olivine- and clinopyroxene-bearing gabbros are the most common facies with some 
rare wehrlites and troctolites. They crop out as variable sized layers forming a well-defined 
cumulate sequence in the Dents de Bertol area (Fig. 8). Cumulitic textures are well-preserved 
and underlined by preferred mineral orientation. Olivine and clinopyroxene form the main 
cumulus phases and crystallize as eu- to subhedral grains, up to 2-3 mm long. Plagioclase 
forms tabular crystals, commonly with parallel alignment. Primary olivine crystal boundaries 
are systematically resorbed in olivine-bearing rocks by orthopyroxene and amphibole coronitic 
reactions (see chapter 3, Fig. 18). Late-magmatic Ti-amphibole dominates the intercumulus 
assemblage, occurring as overgrowths or more locally as patches surrounding clinopyroxenes. 
Accessory minerals are magnetite, ilmenite and sulphides; apatite is rare. With few exceptions, 
orthopyroxene occurs only as coronitic reaction rims between olivine and plagioclase in all 
olivine-bearing samples. Nevertheless, orthopyroxene could crystallize as a magmatic phase 
(1-2 vol-%) in some plagioclase-wehrlites.
2.4.1. Wehrlites
Wehrlites of the Mont Collon are ad- to mesocumulates with highly serpentinized olivine 
(up to 60 vol.%) and euhedral diopsidic clinopyroxene as cumulus phases. Intercumulus 
amphibole is a magnesio-hastingsitic hornblende, which is almost completely recrystallized 
into actinolite-tremolite.
2.4.2. Plagioclase-wehrlites (= plg-wehrlites)
Olivine is the main cumulus phase in plagioclase-bearing wehrlites. It displays a constant 
composition (Fo = 75.3 - 77.8) with Ni content between 450 and 630 ppm. MnO shows constant 
concentration close to 0.3 wt%. Euhedral to subhedral clinopyroxene represents 20 to 30% of 
the cumulus phases. Its composition varies from endiopside in the core to diopside in the rim 
(Fig. 11), i.e. Mg# decreases from 87 to 83 and CaO increases from 22.0 to 23.2 %, respectively. 
Clinopyroxene has a higher Al
2
O
3
 content than clinopyroxene in the gabbros. Al
2
O
3
 varies 
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Fig. 11: Ternary diagrams for clinopyroxene from plagioclase-wehrlite, olivine- and 
clinopyroxene gabbros in the Ca
2
Si
2
O
6
 (Wo) - Mg
2
Si
2
O
6
 (En) - Fe
2
Si
2
O
6
 (Fs) system 
(compositional fields after Morimoto et al., 1988).
from 2.9 % to 3.9 % and generally decreases from core to rim, while Na
2
O and TiO
2
 increase. 
Plagioclase appears as an intercumulus phase with variable modal proportions (10-30%). Its 
composition plots in the labradorite field (An
63.1
 and An
69.2
, Fig. 12). A significant amount of a 
magnesio-hastingsite magmatic amphibole (Fig.13) fills the interstices between plagioclase and 
clinopyroxene or occurs locally as large patches surrounding clinopyroxene and plagioclase. 
Accessories are essentially ilmenite and magnetite. Magnetite occurs as round-shaped grains, 
while ilmenite fills the interstices and is generally surrounded by magmatic amphibole. The 
ilmenite component is close to 90% with minor amount of geikielite (7.5%) and pyrophanite 
(2.5%). Magnetite is Mn, Cr and Mg poor. Its NiO content increases up to 1 wt%.
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Fig. 12: Compositions of plagioclase from plagioclase-wehrlite, troctolite, olivine- and 
clinopyroxene gabbros, anorthosite. Compositional fields after Smith and Brown (1988).
1: albite, 2: oligoclase, 3: andesite, 4: labradorite, 5: bytownite, , 6: anorthite.
2.4.3. Troctolites
Troctolites are medium-grained ortho- to mesocumulates, consisting of anhedral olivine 
(35 vol%; Fo = 78.7 - 79.4) and variable sized laths of bytownitic plagioclase (65 vol%, 
An
74
, Fig. 12). Plagioclase crystallizes as euhedral tabular grain underlying the cumulative 
texture of the rock. Clinopyroxene is scarce and frequently absent at the thin section scale (< 
3 %). It is diopsidic (mean of 9 analyses: En
45.5
Fs
6.5
Wo
48
, Fig. 11); the CaO content increases 
systematically from core (>21.6 wt%) to rim (max. 23.3 wt%). Al
2
O
3
 ranges from 3.2 to 3.5 
wt%, but does not present coherent variations between core and rim. Na
2
O remains constant 
close to 0.3 wt%. Rare magnesio-hornblende fills the interstices between plagioclases (Fig. 13). 
Accessory oxides are extremely rare and fill the interstices between plagioclase grains.
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2.4.4. Olivine gabbros (= ol-gabbros)
Olivine gabbros display ortho- to mesocumulate textures. Modal proportions of cumulus 
phases are slightly variable and plagioclase is generally dominant. Olivine is anhedral and 
displays a more homogeneous composition (Fo = 76.4 - 79.4) than in plagioclase-wehrlites, but 
similar Ni contents. MnO is rather constant with mean concentrations close to 0.3 wt%. Diopside 
crystallizes as euhedral to anhedral grains of variable size (Fig. 11), indicating an early-stage 
magmatic crystallization. Mg# ranges from 84 to 89 and remains rather constant between 
core and rim. CaO content shows limited variations (22.0 < CaO < 23.4). Clinopyroxene is 
characterized by a wide range in Al content, which is rather low (1.2 < Al
2
O
3
 < 3.5 wt%). Na
2
O 
(0.21 to 0.49 wt%) is positively correlated with Al
2
O
3
 as does TiO
2
. Plagioclase is tabular and 
preferentially oriented in the layering plane. It is chemically zoned (Fig. 12) with bytownitic 
cores (up to An
82.6
) and labradoritic rims (An
65.6
). Magmatic amphibole occurs as interstitial phase 
between plagioclase and / or clinopyroxene or patches riming clinopyroxene. Its distribution is 
not spatially uniform at the scale of a thin section. It displays three main compositions: Ti-rich 
pargasite, magnesio-hastingsite and magnesio-hornblende (Fig. 13). The AlVI content is anti-
correlated with Ti. Their Mg# is the highest observed in all Mont Collon basic rocks. Actinolitic 
hornblende, actinolite and tremolite appear as spatially limited retromorphic products of 
magmatic amphibole during Alpine greenschist metamorphism. Ilmenite is rare and magnetite 
represents the most common non-silicate mineral present in this rock facies.
2.4.5. Clinopyroxene gabbros (= cpx-gabbros) 
Olivine-free clinopyroxene gabbros are essentially composed of cumulitic clinopyroxene 
and plagioclase in equal proportions. They contain variable amounts of Ti-rich magmatic 
amphibole as intercumulus phase (up to 8 %). Both plagioclase and clinopyroxene crystallized 
as euhedral grain, showing preferred orientation. Clinopyroxene composition plots in the 
diopside field (Fig. 11). It is characterized by low Al
2
O
3
 (< 3.1 wt%) and Na
2
O (0.29 to 0.56 
wt%) contents. Rims are generally depleted in Al
2
O
3
 and TiO
2
 with respect to the cores. 
Clinopyroxene displays relatively constant Mg# close to 85. Compositional features are very 
similar to those of clinopyroxene crystallizing in the other rock types. Plagioclase crystallizes 
as equigranular crystals and exhibits commonly bytownitic composition (Fig. 12). Plagioclase 
(An
73
) is commonly unzoned. Magmatic amphibole is a Ti-rich pargasite (Fig. 13), surrounding 
clinopyroxene and/or oxides. Its Mg# is the lowest among magmatic amphiboles in the massif. 
Extremely rare oxides are closely associated with amphiboles.
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Fig. 13: Compositions of amphibole of cumulative rocks. Nomenclature of calcic amphiboles 
(Ca+Na)
B
 > 1.34; Na
B
 < 0.67) according to Leake et al. (1997). 
2.4.6. Anorthosite
The unique anorthositic layer observed in the Dents de Bertol area is essentially 
constituted of tabular grains of unzoned bytownitic plagioclase (Fig. 12) without preferential 
orientation; although a weak fabric is visible at the outcrop scale. There is also a small amount 
of clinopyroxene (4 –5 vol.-%) and amphibole (< 1 vol.-%). Rare clinopyroxene displays 
diopsidic composition (Fig. 11) similar to that of other rocks and amphibole is commonly a 
magnesio-hornblende (Fig. 13) with relatively high TiO
2
 content (up to 1.58 wt%).
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2.4.7. Pegmatitic gabbros
The pegmatitic gabbros have rather preserved magmatic assemblages, although their 
magmatic texture are still preserved. They are partly recrystallized under greenschist facies 
conditions. This metamorphic overprint is explained by the sampling location, which is in an 
outermost position (i.e. at the base of the Mont Collon), more affected by Alpine greenschist 
metamorphism, whereas the cumulates crop out in the innermost well-preserved part of the 
complex (i.e. the Dents de Bertol). They consist of large crystals (up to several cm long) of 
plagioclase, which are mainly completely recrystallized as albite (Ab
98
). A primary magmatic 
amphibole is replaced by a pale green polycrystalline secondary amphibole (actinolite). Fe-
oxides are scarce and represent less than 1 vol-%.
2.5. The leucocratic dikes and the Arolla orthogneisses
The leucocratic rocks crop out as centimeter- to decimeter thick dikes. Four types of 
dikes can be distinguished on the basis of their mineralogy: (i) K-feldspar-quartz pegmatites, 
(ii) K-feldspar-quartz aplites, (iii) microgranodiorites, and (iv) anorthositic dikes. The other 
leucocratic rocks exposed in the Mont Collon area are the surrounding Arolla orthogneisses. 
Feldspar and amphibole compositions are given in Tables 5 and 6, respectively.
2.5.1. Aplites
Aplites are fine-grained dikes essentially composed of K-feldspar and quartz. These 
dikes are mostly deformed and crystals show intracrystalline deformation. Feldspar is seldom 
preserved and replaced by sericite. Preserved crystals display orthoclase composition (Or
90-97
, 
Fig. 14). Na
2
O varies from 0.29 to 0.95 wt%. Feldspars are characterized by low major-element 
variations between the core and the rim (63 < SiO
2
 < 64 wt%, Al
2
O
3
 close to 18.2 wt%). Epidote 
is common, whereas white mica (muscovite), pyrite and Fe oxides are rare.
2.5.2. Quartz-rich pegmatites
The quartz-rich pegmatites differ from the aplite by the large size and anhedral shape of 
the crystals. The acid pegmatites consist of large K-feldspar and quartz (up to 5 centimeter-
sized). As aplitic dikes, the K-feldspar exhibits orthoclase (Or
96
, Fig. 14) composition.
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2.5.3. Microgranodiorites
The microgranodiorites consist of eu- to subhedral tabular-shaped feldspars, euhedral 
biotite and xenomorphic quartz. Feldspars show oligoclase (An
28
Ab
72
) and sanidine (Ab
4-15
Or
85-
96
) compositions (Fig. 14) and crystallize before (or probably contemporaneously) with biotite. 
Biotite is characterized by low K
2
O (8.7-9.3 wt%), relatively high MnO and TiO
2
 (up to 5 
wt% and 3.7-4.8 wt%, respectively) contents. SiO
2
, Al
2
O
3
, FeO
T
 exhibit low variations (29-30 
wt%, 16.8 wt% and around 26 wt%, respectively). Biotite can be completely recrystallized 
into chlorite and feldspar replaced by sericite. Textural evidences (e.g. biotite and feldspar 
included within quartz, xenomorphic shape) show that quartz is the latest crystallizing phase. 
Quartz occurs occasionally as poikilitic crystals. From the core to the margin of the dikes, 
modal proportions of quartz increase whereas biotite decreases. Epidote is the most common 
accessory mineral with apatite. The former is closely related to biotite and the latter is always 
included within feldspars.
2.5.4. Anorthositic dikes
Plagioclase is the major component of the anorthositic dikes (90 vol-%). Apatite is 
widespread and represented as inclusions in plagioclase. It is difficult to determine the exact 
apatite modal proportion. Nevertheless, several percents (up to 5 vol-%) could be a right 
estimate. Amphibole crystallizes also as interstitial grains (2-5 vol-%), and displays more or 
less important chlorite recrystallization at its rim.
2.5.5. The Arolla orthogneisses
The common mineral assemblage of the Arolla orthogneisses consists of quartz, 
plagioclase, phengite, hornblende with brown cores, and minor amounts of chlorite, calcite and 
epidote (Hunziker, 1974; this study).
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Fig. 14: Compositions of plagioclase from leucocratic and Fe-Ti melanocratic dikes. Composi-
tional fields after Smith and Brown (1988).
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2.6. The Fe-Ti melanocratic dikes
The Fe-Ti melanocratic dikes are mainly composed of amphibole, clinopyroxene and 
plagioclase associated with apatite and Fe-Ti oxides (magnetite and ilmenite). The grain size of 
these Fe-Ti rich dikes decreases from the core to the margin. The latter exhibits microcrystalline 
texture and includes pyroxene and olivine xenocrysts belonging to the cumulate host rocks.
Euhedral amphibole is the main component (55 - 60 vol.-%) and displays a kaersutite 
composition (Leake et al., 1997; Fig. 15). The kaersutite is Fe- (10.65 < FeO* % < 15.20), Ti- 
(4.85 < TiO
2
 < 6.79 wt%) and alkali-rich (3.4 < [Na
2
O + K
2
O] < 4.4 wt%). Some amphibole 
grains show higher FeO* (up to 17.31 %) and lower MgO (< 8.5 wt%) contents and thus, can be 
named ferro-kaersutites. The Fe enrichment is related to the (Fe2+ + Fe3+) substitution of Mg.
Clinopyroxene crystallizes as euhedral or round-shaped small grain (6 to 8 vol-% modal 
proportions). Primary compositions plot within the diopside field (Fig. 16, Table 7), although 
some clinopyroxenes tend toward the salite compositional field. The latter exhibit high Al
2
O
3
 
content (between 6.2 and 7.5 wt%) compared to diopside (3.45-5.52 wt%). The CaO content 
does not display a regular evolution from core to rim and remain relatively constant (20.9-22-
3 wt%). Fe and Ti increase systematically from core to rim and the TiO
2
 content reaches 2.66 
wt% in the most enriched rim (sample MP244d) with the exception of clinopyroxenes, which 
tend to the wollastonite field (TiO
2
 content up to 3.45 wt%). They display low Na
2
O (0.47-0.73 
wt%), Cr
2
O
3
 and MnO contents (lesser than 0.44 wt% and 0.21 wt%, respectively).
Anhedral Na-rich (Ab
94.5-95.2
An
4.5-5.2
Or
0.1-0.2
) plagioclase (25-28 vol-%) fills the spaces left 
between the kaersutite, clinopyroxene and oxides grains, and shows a Na enrichment from core 
to rim (range between Ab
90
 and Ab
96
; Fig. 14). This albitic composition is surprising, considering 
the chemistry of these dikes (see chapter 3), which present ultrabasic characteristics (SiO
2
 < 
45 wt%). It is noteworthy that Dal Piaz et al. (1977) obtain a range of An
70-55
 for plagioclase 
of melanocratic dikes from the Matterhorn-Mont Collon massifs and especially, an An
68 
composition for a plagioclase of a melanocratic dike from the Dents de Bertol (sample DBL 
605). So, the albitic composition of the plagioclase from the melanocratic dikes sampled for 
this study is not in agreement with those given by Dal Piaz et al. (1977). They could be related 
either to the Alpine metamorphic overprint or to deuteric transformations although, other 
constituent minerals remain remarkably preserved and not affected by secondary reactions. 
Another explanation can be given for the Na-rich composition of the plagioclase. The FeO/
MgO ratios of the melanocratic dikes indicate that they are evolved rocks (FeO/MgO ~ 1.59). 
Consequently, the plagioclase composition could be related to the differentiated character of 
these dikes.
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Fig. 15: Compositions of amphiboles of the Fe-Ti melanocratic dikes. Nomenclature according 
to Leake et al. (1997). MP177, MP249a and b refer to sample numbers.
Fig. 16: Ternary diagrams for clinopyroxene from Fe-Ti melanocratic dikes in the Ca
2
Si
2
O
6
 
(Wo) - Mg
2
Si
2
O
6
 (En) - Fe
2
Si
2
O
6
 (Fs) system (compositional fields after Morimoto et al., 
1988).
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Euhedral ilmenite and magnetite represent approximately 3-5 vol-% of the modal 
proportions and precipitated before albite. They crystallize as euhedral grains, commonly 
associated with the amphibole or as isolated grain within feldspar.
Needle-shaped apatite (~ 2 vol-%) is included in the albite grains. Titanite, zircon and 
pyrite are rare at the scale of a thin section. Calcite is common, crystallizing in thin veins. These 
dikes are also characterized by the presence of miarolitic vesicles. The occurrence of these 
vesicles and the apatite habitus suggest a rapid cooling at shallow depth.
2.7. Conclusion
Mineral evolution in the cumulitic sequence
The crystallization sequence in the cumulates of the Mont Collon mafic complex is 
variable. Olivine is the first phase to crystallize, followed either by plagioclase or clinopyroxene 
(e.g. in troctolites and wehrlites, respectively) depending on the lithologies and probably the 
location within the magma chamber (i.e. variation in space and time of parameters such as 
PH
2
O, fO
2,
 magma replenishment). Ilmenite and/or magnetite crystallize subsequently, whereas 
Ti-amphibole is the last phase to form together with accessory apatite. Mineral compositions 
are surprisingly homogeneous among the different rock types. The most primitive olivine 
composition (Fo = 78.7-79.4) is found in the troctolites, but it is barely different in others 
lithologies (Fo = 74 - 77). The overall plagioclase compositional range is An
83-63
, not much 
larger than zoning in individual crystals in olivine-gabbros (An
83-65
). Clinopyroxene is 
diopsidic, but shows some weak elemental variations in plagioclase-wehrlites, where less calcic 
composition (endiopside-augite joint) are locally found in crystal cores. Rims are often slightly 
more calcic (by 0.1-0.5 wt% CaO) than the core of the crystals. Aluminum exhibits larger 
variations; the Al
2
O
3
 content of clinopyroxene ranges from 1 to 5 wt% over the pluton, with 
up to 1 wt% Al
2
O
3
 increase (in plagioclase-wehrlites) or decrease (in clinopyroxene-gabbros) 
between core and rim within a single clinopyroxene crystal and up to 2 wt% within a sample. 
Small scale variations probably reflect fluctuation in the silica activity of the melt (Deer, 
Howie and Zussmann, 1992) in the vicinity of crystallizing grains in relation with the nature of 
surrounding phases. Composition of interstitial amphibole does not vary significantly, except 
for its Ti content (from 0 to 3.5 wt% TiO
2 
over the massif), which is in direct relationship with 
the presence or absence of ilmenite/magnetite in the sample. The Mg#
cpx
 and Mg#
ol
 of cumulates 
are positively correlated (Fig. 17a), whereas a poorly defined negative correlation is observed 
between the Mg#
cpx
 and the mean An content of plagioclase (Fig. 17c). Anorthite content (An) 
of plagioclase from the Dents de Bertol rocks is distinctly higher than in plg-wehrlites and ol-
gabbros collected in the moraine close to the Mont Collon (i.e. MP106, FB1094 and FB1095). 
In general, there is no systematic evolution in the An content, the Mg#
cpx
 and the Mg#
ol
 of 
cumulates in the Dents de Bertol sequence (Fig. 17b and c).
